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[1] An unusually intense African dust event affected a large area of the western Atlantic and
eastern Caribbean in early April 2010. Measurements made east of Barbados from the Center
for Interdisciplinary Remotely Piloted Aircraft Studies (CIRPAS) Twin Otter research aircraft
are used to characterize particle size distributions; vertical distributions of aerosols,
temperature, and moisture; and processes leading to the observed stratification in the
boundary layer. The vertical profiles of various aerosol characterizations were similar on
both days and show three layers with distinct aerosol and thermodynamic characteristics:
the Saharan Air Layer (SAL; ~2.2 km 500m), a subcloud layer (SCL; surface to ~500m),
and an intermediate layer extending between them. The SAL and SCL display well-mixed
aerosol and thermodynamic characteristics; but the most significant horizontal and vertical
variations in aerosols and thermodynamics occur in the intermediate layer. The aerosol
variability observed in the intermediate layer is likely associated with modification by shallow
cumulus convection occurring sometime in the prior history of the air mass as it is advected
across the Atlantic. A comparison of the thermodynamic structure observed in the event from
its origin over Africa with that when it reached Barbados indicates that the lower part of
the SAL was moistened by surface fluxes as the air mass was advected across the Atlantic.
Mixing diagrams using aerosol concentrations and water vapor mixing ratios as conserved
parameters provide insight into the vertical transports and mixing processes that may explain
the observed aerosol and thermodynamic variability in each layer.
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1. Introduction
[2] It is common to observe the westward movement of
dust-laden air from Africa over the tropical Atlantic Ocean
under the influence of the trade winds [Carlson and
Prospero, 1972]. The Saharan Air Layer (SAL) leaving
Africa is formed by intense heating over the land and is thus
characterized by a well-mixed layer that is warm (potential
temperature of ~313K–317K) and dry (mixing ratios of
~2–4 g kg–1), and extending from the surface to about
500 hPa over Africa, for example, during the summer
[Carlson and Prospero, 1972; Prospero and Nees, 1977].
As the SAL moves off the coast of Africa, typically follow-
ing an easterly wave, the base of the SAL is observed at
higher levels (e.g., ~850 hPa in summer) as cooler and
moister maritime air occupies the lower boundary layer
[Carlson and Prospero, 1972; Karyampudi and Carlson,
1988; Westphal et al., 1988; Karyampudi et al., 1999;
Dunion and Velden, 2004; Nalli et al., 2005, 2006; Wong
and Dessler, 2005; Wong et al., 2006]. Individual SAL
outbreaks can cover an area of the Atlantic as large as the
48 contiguous United States and can migrate to the eastern
coast of Florida [Dunion and Velden, 2004]. The axis of
the maximum dust concentrations shifts northward from
~5N in winter to ~20N in summer [Moulin et al., 1997]
due to the seasonal shift of the large-scale circulation
patterns over Africa and the tropical Atlantic.
[3] The large amount of dust in the SAL substantially
impacts the radiative balance of the earth-atmosphere system
directly through scattering and absorption (e.g., reduced sea
surface temperature; Lau and Kim [2007]) and indirectly by
modifying cloud microphysics acting as effective ice nuclei
[e.g., DeMott et al., 2003; Sassen et al., 2003] as well
as cloud condensation nuclei in liquid clouds [e.g., Twohy
et al., 2009]. On other hand, the dry, dusty SAL may weaken
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the strength of tropical cyclones [Dunion and Velden, 2004;
Evan et al., 2006; Wu, 2007] and suppress convection in the
interior of the SAL [Wong and Dessler, 2005]. Further, the
vertical structure of the absorbing aerosol layer (e.g., dust)
can be important to aerosol-cloud-precipitation interactions
since clouds can be suppressed or enhanced depending on
the relative location of the absorbing aerosol layer [Hansen
et al., 1997; Feingold et al., 2005; Johnson et al., 2004]
and may also affect the profiles of atmospheric radiative
forcing [e.g., Ackerman and Chung, 1992].
[4] The appearance of the multilayering of dust in the
SAL has been reported since the early 1970s [Prospero
and Carlson, 1972; Karyampudi et al., 1999; Reid et al.,
2002; Reid et al., 2003]. However, studies of the mecha-
nisms for the formation of the multilayering of dust are
scarce; Karyampudi et al. [1999] suggested that dust in the
lowest part of the boundary layer (subcloud layer in this
study) was a residual of the initial SAL. On the other hand,
Reid et al. [2003] argued that heavy dust in the boundary
layer observed during the Puerto Rico Dust Experiment
(PRIDE; July 2000) is transported across the Atlantic Ocean
with its vertical character already defined as it leaves Africa.
[5] Although the general features of dust outbreaks over
the ocean are known, questions remain regarding the vertical
transport and processing of the dust and the details of the
vertical structures of dust layers and the characteristics of
each layer. Satellite-based studies can be used to study aero-
sol effects over a large geographical area for long time
periods but are known to suffer from retrieval biases
[Loeb and Schuster, 2008], and the vertical distribution, a
key component of the aerosol indirect effect, is usually
unknown. Lidar observations provide an excellent tool for
illustrating the vertical distribution of aerosols. However,
both ground-based and space-borne lidar observations are
not always able to define the fine vertical structure of dust
plumes when clouds are present [Welton et al., 2000; Liu
et al., 2009; Omar et al., 2009].
[6] To observe cloud-aerosol interactions, associated
with precipitating and nonprecipitating cumuli over the east-
ern Caribbean, the Barbados Aerosol Cloud Experiment
(BACEX) was performed from 15 March to 15 April
2010. Operations were centered in a domain located over
the ocean to the east and northeast of Ragged Point on
Barbados (13.2N, 59.5W) as shown in Figure 1.
[7] The principal observing platform for the experiment
was the Center for Interdisciplinary Remotely Piloted
Aircraft Studies (CIRPAS) Twin Otter (TO) research aircraft
that was equipped with aerosol, cloud, precipitation probes,
and standard meteorological instruments. The vertical and
horizontal distributions of aerosols observed on the 15
flights from the TO indicate a wide range of aerosol condi-
tions that include the most intense African dust event
observed at the Barbados Ragged Point surface site during
all of 2010. In this study, we focus on two days of this dust
event (1–2 April), when clouds were significantly
suppressed. We combine the in situ aircraft data, which were
obtained in an area just upstream from the Barbados Ragged
Point surface site, with soundings at Barbados and western
Africa to study the lower tropospheric thermodynamics at
the source (Africa) and the local (Barbados) observational
site and to define the vertical structures of aerosols and ther-
modynamics over the eastern Caribbean. Data used in this
study are summarized in section 2. General information on
flight patterns and profiles of thermodynamics and various
aerosols are described in section 3, along with surface aero-
sol observations from Barbados and observations from a
micropulse lidar (MPL) deployed at Ragged Point. Trans-
ports and processes affecting the observed aerosol structures
are described in section 4. This section includes descriptions
of mixing diagrams, particle size distributions, and hygro-
scopicity parameter kappa (k). The summary and conclu-
sions are given in section 5.
2. Data and Methods
2.1. Aircraft Data
[8] The CIRPAS Twin Otter research aircraft made 15
flights upstream from Ragged Point (13.2N, 59.5W),
located on the eastern shore of Barbados where surface aero-
sol measurements were made (see section 2.2), from 19
March to 11 April. Each flight had durations of 3–4 h and
included several horizontal level legs flown from near the
ocean surface to above the trade winds inversion, and at least
one pseudo sounding made as the aircraft either ascended or
descended. The aircraft was equipped with aerosol, cloud,
and precipitation probes and standard meteorological instru-
ments for observing the mean and turbulent thermodynamic
and wind structure. The aerosol data included aerosol con-
centrations from a passive cavity aerosol spectrometer probe
(PCASP), a cloud condensation nuclei (CCN, Droplet
Measurement Technologies (DMT) Inc.) spectrometer, and
condensation particle counters (CPCs). The PCASP gave
aerosol size distributions in the range of 0.1–2.5 mm over
20 bins. The dual-chamber DMT CCN spectrometer was
set to give CCN concentrations at 0.3% and 0.6% supersat-
urations. Condensation nuclei (CN) measurements were
made with CPCs with small-size cutoffs at 3 nm, 10 nm,
and 15 nm. Aerosol data (PCASP, CN, and CCN) were
obtained at 1Hz resolution. Acronyms used in this study
are listed in Table A1.
2.2. Ragged Point Aerosol Measurements
[9] Aerosol measurements are made at a site located on
the edge of a 30m high bluff on the easternmost coast
of Barbados. Because Barbados is the easternmost of the
Windward Islands and because of the trade winds, there


















Figure 1. Location of data collection. Flight domain is
shown as a square. Location of Barbados and two sounding
stations over Africa, GOOY (Dakar, Senegal) and GOTT
(Tambacounda, Senegal), are shown as cross symbols.
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are no proximate upwind aerosol nonoceanic sources that
could impact our measurements. Daily aerosol samples are
collected at the top of a 17m high tower using a high-
volume (nominal 1m3min–1) filter sampling system. To
minimize impacts from local sources, sampling is electroni-
cally controlled to sample winds that blow from over the
open ocean (i.e., within the sector extending from 335 to
130) at wind speeds greater than 1m s–1. Filters are
changed daily and periodically returned to Miami where
the soluble components are extracted with water [Li-Jones
et al., 1998]. The extracts were analyzed for major soluble
inorganic ions: Na+ by flame atomic absorption, and Cl–,
NO3
–, and SO4
– by suppressed ion chromatography [Savoie
et al., 1989]. Sea salt aerosol concentrations are calculated
from the Na+ concentration based on the weight ratio of
sea salt to Na, 3.256. The filters are then placed in a furnace
at 500C for 14 h; the filter ash is weighed after subtracting
the filter blank (the ash weight of an unexposed filter which
has been processed in the same manner as a sample filter)
and is ascribed to mineral dust [Prospero and Lamb, 2003;
Trapp et al., 2010]. The standard error in the mineral aerosol
concentration is about 10% for concentrations greater than
about 1 mgm–3.
[10] The Ragged Point site also supports a NASA aerosol
robotic network (AERONET; Holben et al., [1998]) sun
photometer and a NASA micropulse lidar network
(MPLNET;Welton et al., [2000]) micropulse lidar. The pho-
tometer measures aerosol optical depth (AOD) at eight
wavelengths (340, 380, 440, 500, 675, 870, 1020, and
1640 nm) and the Angstrom parameter in the wavelength
interval of 440–675 nm (http://aeronet.gsfc.nasa.gov/
new_web/units.html). The Angstrom exponent (a) is given
by equation (1) for measurements of optical depth tl1 and
tl2 that are taken at two different wavelengths l1 and l2.








[11] The exponent is inversely related to the average size
of particles: the larger the particles, the smaller the exponent.
Thus, the Angstrom exponent is useful when assessing the
particle size of atmospheric aerosol. For example, dust usu-
ally has large sizes and thus a very smaller Angstrom expo-
nent. We used level 2.0 data that were cloud screened and
quality assured. Vertical structures of aerosols and clouds
at Ragged Point were obtained from a micropulse lidar
(MPL) system (http://mplnet.gsfc.nasa.gov/cgi-bin/Mplnet/
site_page_direct.cgi/allsite=Ragged_Point).
2.3. Sounding Data and Back Trajectories
[12] To characterize boundary layer (BL) structures of
SAL outbreaks both at their source (Africa) and over regions
thousands of kilometers downstream (e.g., Barbados), daily
rawinsonde observations from Grantley Adams Airport in
Barbados [13.06N, 59.48W, World Meteorological Organi-
zation (WMO) ID: 78954], and Daker, Senegal (shown as
GOOY in the text: 14.73N, 17.50W, WMO ID: 61641)
and Tambacounda, Senegal (shown as GOTT: 13.76N,
13.68W, WMO ID: 61687) from western Africa are used.
Sounding data were obtained from the University of
Wyoming’s online upper-air data (http://weather.uwyo.edu/
upperair/sounding.html).
[13] The history of air mass sampled by the aircraft is
estimated using the Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model from the average location
(13.2N, 59W) of the flight domains (http://ready.arl.noaa.
gov/HYSPLIT_traj.php). National Centers for Environmental
Prediction (NCEP) reanalysis data using model vertical veloc-
ity for the vertical motion estimates are used as input meteoro-
logical gridded data for each flight. The 315 h backward
trajectories, arriving at Barbados at 500m, 1500m, 3000m,
and 5000m, are calculated to give a general sense of the origin
of the air masses sampled on the aircraft missions.
3. Results
3.1. Between Source (Africa) and Site (Barbados)
[14] Dust concentrations recorded at the Barbados Ragged
Point surface site during 2010 are shown in Figure 2. Dust
and sea salt surface concentrations over the period of
BACEX flights (19 March–11 April) are shown in the lower
panel, along with AERONET level 2 aerosol optical depth
(AOD) at 550 nm wavelength and Angstrom exponent at
wavelength 440–675 nm.
[15] Dust concentrations during mid-March to mid-August
in 2010 (Figure 2a) were often greater than 40 mgm–3, which
are considered to be major outbreaks of Saharan dust
[Prospero and Lamb, 2003]. During the BACEX period
(Figure 2b), Ragged Point dust concentrations remained
lower than 10 mgm–3 for a 9 day period, prior to 29 March,
and then rapidly increased to a maximum on 1–2 April with
concentrations higher than 150 mgm–3 (44.5 mgm–3 on aver-
age, ranging from 0.7 mgm–3 on 28 March to 155.1 mgm–3
on 2 April). Throughout the BACEX period, sea salt
surface concentrations ranged from 6.5 mgm–3 on 4 April
to 62.9mgm–3 on 10 April (on average, 20.2mgm–3). High
and low surface sea salt concentrations correspond to the
periods of weak (e.g., 3–4 April) and strong wind (e.g.,
10m s–1 of low-level jet around 1 km on 10 April, shown in
Figure 7a).
[16] Aerosol optical depth (AOD) fluctuates around 0.1
during the nondusty period then increases rapidly from 29
March. For 1 April, the AOD is observed to be about 0.6
at a wavelength of 500 nm. The peaks in AOD at around
25–26 March are associated with high concentrations of
aerosol layers observed aloft during the period (not shown
here). Angstrom exponents are less than 0.2 during the dust
outbreaks and reach a minimum of 0.1 on 1 April,
supporting the prevalence of dust during the period.
[17] The progression of the SAL outbreak across the North
Atlantic including the BACEX period (19 March –11 April)
suggests a series of SAL outbreaks, based on satellite
imagery (available from UW-CIMSS tropical site archive:
http://tropic.ssec.wisc.edu/archive/), analyses from the Navy
Research Laboratory (NRL) Navy Aerosol Analysis and
Prediction System (NAAPS) model (http://www.nrlmry.
navy.mil/aerosol_web/index_frame.html), and soundings
over Africa (http://weather.uwyo.edu/upperair/sounding.
html). On 16 March, a large SAL event leaves the African
coast and overspreads the North Atlantic for the next few
days. Dust continues to stream off the Africa. On 22 March
and 25–26 March, another surge of dust is apparent in the
JUNG ET AL.: TRANSPORT AND PROCESS OF AFRICAN DUST
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imagery and soundings over Africa. To get a general idea
of when the air mass, which had a maximum surface
concentration at the Barbados surface site on 1–2 April,
left Africa and, thus, how long the SAL took to cross the
Atlantic, 315 h (13 day) back trajectories arriving in Barbados
at 17 UTC on 1–2 April were calculated (Figure 3). Ending
points of 500m, 1500m, 3000m, and 5000m are examined.
Overall, the back trajectories show that air mass, arriving at
Barbados below 3 km, originated from Africa through easterly
flow. On the other hand, the air mass arriving at Barbados
above 3 km came from an area west of Barbados throughwest-
erly flow. Further, back trajectories, based on air mass arriving
in Barbados at 500m on 17 UTC 1 April 2010 (2 April 2010),
for example, indicate that the air mass moved off the African
coast on 22 March (26 March), indicating a 10 day (7 day)
transit cross the Atlantic Ocean.
[18] NASAModerate Resolution Imaging Spectroradiometer
(MODIS) satellite images during 19March and 2 April (http://
modis-atmos.gsfc.nasa.gov/IMAGES/index.html) show a
large amount of dust over Africa around 22 March (e.g.,
Figure 4b) that moves to a longitude of ~40W (westernmost,
in Figure 4a) 7 days later and then arrives at Barbados at
around 1 April (not shown). The daily progression shown by
individual satellite image (not shown) is roughly consistent
with the back trajectories shown in Figure 3 during the exper-
iment period. Therefore, based on the satellite images and
the back trajectories, we estimate the transit time of the dust
event from Africa to the Barbados area for this event to be
7–10 days. The unusually long transit of this event [7–10 day
transit compared with a typical 5–7 day transit during the
summer; e.g., Prospero and Carlson, 1972] may relate to the
large-scale circulation pattern.
[19] A massive dust area extending from Africa to the
Atlantic Ocean is also apparent in the aerosol optical depth
product (Figure 5). The MODIS Collection 5 aerosol optical
depth [Levy et al., 2007; Remer et al., 2005] processed using
the methods of [Zhang and Reid, 2006; Shi et al., 2011;
Hyer et al., 2011], averaged to a resolution of 1 degree.
The imagery is available from NRL at http://www.nrlmry.
navy.mil/aerosol, and the gridded MODIS data product is
available from NASA LANCE: http://lance.nasa.gov. Daily
averaged MODIS AOD product (pixel resolution is 1) on
1 April 2010 (Figure 5c) clearly shows that areas of AOD
higher than 0.45 (yellow to purple) extend from Africa to
Barbados. The flight domain near Barbados is shown as a
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Figure 2. Dust concentrations recorded at the Barbados Ragged Point surface site (13.2N, 59.5W)
during 2010. Dust surface concentrations (red) over the period of BACEX (19 March–11 April) are shown
in the lower panel along with sea salt surface concentrations (blue) in the left axis, and level 2 aerosol
optical depth (AOD) at 550 nm wavelength (magenta) and Angstrom exponent at wavelengths ranging
from 440 to 675 nm (gray) from AERONET in the right axis. AOD and Angstrom exponent are not
available on 2 April and between 6 April and 11 April 2010.



















Figure 3. The 13 day back trajectory arriving at 500m
(magenta), 1500m (red), 3000m (blue), and 5000m (gray)
in the middle of the BACEX flight domain (shown as an
end point of an arrow) for 17 UTC 1 April (solid) and 2
April (dashed) 2010. Trajectories of 500m on each day at
00 UTC are denoted as cross symbols, and several dates of
back-trajectory are shown accordingly. Locations of sound-
ing stations at Africa used in Figure 6 are labeled.
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square box and shows an AOD of 0.6–0.7, which is consis-
tent with the AOD of 0.6 on 1 April measured from ground-
based AERONET. It also shows that the area of high AOD
(e.g., higher than 0.5, shown as orange) propagates west-
ward during the experiment period. These dust dominant
regimes look milky and turbid from MODIS satellite images
in Figure 4. In addition, the clouds are significantly
suppressed in the regimes of heavy dust, although low-
level clouds are embedded in some areas of the dust.
[20] Profiles of potential temperature θ and mixing ratio r
calculated from the Barbados rawinsondes on 1–2 April
2010 are shown in Figure 6, along with two soundings
(Dakar and Tambacounda, Senegal) from western Africa
(locations shown in Figure 1) on 21 and 22 March corre-
sponding with the time period of the MODIS images shown
in Figure 4. The air in and above the SAL observed at
Barbados probably has not experienced significant moist
processes. The satellite images during the 7–10 days of the
transit across the Atlantic indicate no deep convection in
the dust area, although some low-level clouds embedded in
the dust are visible from satellite. Thus, in the SAL, one
would expect that mixing ratio would be conserved.
[21] The SAL, shown as a well-mixed layer in θ and r,
over Africa extends from 500m to approximately 4000m
(depth of SAL: ~3500m), but the top extends only to
~2650m with a depth of ~800m at Barbados after traveling
over the Atlantic, suggesting the subsidence of SAL
~1250m during the 10 days (~125m d–1). The potential
temperature (in the SAL) at Africa (Figure 6a) is approxi-
mately 311–312K but is about ~307K at Barbados 10 days
later, indicating a 4–5K cooling over 7–10 days (a cooling
rate of about 0.5Cd–1). The moisture profile in the
African SAL (Figure 6b) has a mixing ratio of ~4 g kg–1,
but a 5–6 g kg–1 mixing ratio is observed at Barbados. The
differences in mixing ratio between Africa and Barbados
may involve uncertainties about the locations and times of
the SAL over Africa, and thus, we may see slightly different
air masses within the SAL (as shown in section 3.3, Figure 9e).
Regardless, we consider the mixing ratio difference of ~1–2 g












(a) 3/29 (b) 3/22
Figure 4. MODIS satellite images on (a) 29 March 2010 over the Atlantic and on (b) 22 March 2010
over western Africa. Images were downloaded from the MODIS website (http://modis-atmos.gsfc.nasa.
gov/IMAGES/index.html).












(a)  MODIS L3 AOD (0.55µm)       2010 0323     
(c)  MODIS L3 AOD (0.55 µm)       2010 0401 
(b)  MODIS L3 AOD (0.55 µm)       2010 0329 
0 0.1 0.2 0.3 0.4 0.5 0.7
Figure 5. MODIS L3 aerosol optical depth at 550 nm wave-
length. Images were downloaded from the NRL/Monterey
Aerosol page (http://www.nrlmry.navy.mil/aerosol_web/
index_frame.html). The flight domain is shown as a white-
colored square symbol in the figure.
JUNG ET AL.: TRANSPORT AND PROCESS OF AFRICAN DUST
4627
kg–1 in the SALs between Africa and Barbados to not be sig-
nificant. The wind direction for the two African soundings
(Figure 6c) indicates easterly winds throughout the layers,
except for northerly winds close to the surface in the GOOY
station that is close to the coast. As the SAL travels over the
Atlantic, the boundary layer is modified by dry and moist
convection; the difference between two groups of soundings
(reddish from Africa and black/gray from Barbados) below
the SAL (below ~1700m, Figure 6), indicates the modification
of boundary layer thermodynamics (and aerosols, as will be
shown later) by cloud processes.
[22] We can estimate the fluxes needed to moisten the
lowest layers of the deep mixed layer that originates over
Africa. If we assume that the lower layers of the initial
African soundings (0 to about 1700m) are moistened by
moisture fluxes from the surface and convective transports
within the boundary layer, we can make a rough estimate
of the average surface latent heat, along the trajectory using
a simple moisture budget written as
drt
dt Þhor: ¼ w @rt@z  @@z w0rt 0 ; (2)
where rt = r + rl is the total water mixing ratio, w is the
vertical air velocity, and the overbar indicates a time/area
average. On the left-hand side of this expression, we assume
that the time rate of change of the liquid water mixing ratio
can be neglected and that the total derivative is the horizon-
tal component of the total derivative. The first term on the
right side of the equation is the vertical advection term,
which is a drying due to subsidence. The total water mixing
ratio is used in the flux divergence term since moist convec-
tive transports (which include cloud transports of water) can
alter the large-scale water vapor budget. If we consider a
time average of equation (2) along the 10 day trajectory
and a vertical average of the equation from the surface to
the bottom of the SAL (ZB; the height of the trade inversion),












where it is assumed that the convective moisture flux at
the base of the SAL is zero and the surface moisture flux
is averaged over the 10 day trajectory. The left side of
equation (3) is the estimated as the difference in the
mixing ratio between the African and the Barbados sound-
ings (Figure 6). Further, we assume that vertical velocity
w is about 125m d–1 (top of SAL is about 3900m
over Africa on 22 March, and 2650m at Barbados on
1 April) and the vertical gradient of mixing ratio is about 8 g
kg–1 km–1 from the difference of mixing ratio between the
African and Barbados profiles for the lower marine boundary
layer, e.g., (18 g kg–1 – 5 g kg–1) / 1700m. With these esti-
mates, the surface moisture flux needed to moisten the
boundary layer along the 10 day transit from Africa to Barba-
dos is estimated to be roughly 0.024 – 0.032 g kg–1m s–1,
which corresponds to a latent hear flux (rLvw’q’

) of ~60–80
Wm–2. This surface latent heat flux estimated from the
difference between the two soundings (Barbados and
Africa), from the ocean surface to the bottom of the SAL

























































Figure 6. Profiles of (a) potential temperature and (b) mixing ratio on 21 March 09:00 UTC at GOTT
(Tambacounda, Senegal) and 22 March 12:00 UTC at GOOY (Dakar, Senegal) in Africa, and on 1–2
April 12:00 UTC at Barbados. Profiles of wind direction on 21 March 09:00 UTC at GOTT and 22 March
12:00 UTC at GOOY in Africa are shown in Figure 6c. SAL observed at Barbados (approximate top and
bottom) is denoted as arrows to give an idea of the location and depth of SAL over Barbados.
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climatological estimate for the surface annual moisture
fluxes from the ocean surface (e.g., ~100 Wm–2 by Wu et
al. [2007]). Thus, these budget estimates of the surface
moisture flux imply that the modification of the boundary
layer moisture structure can be explained by the dry and
moist convective processes operating along the trajectory.
[23] Another possibility is that the air masses below the
SAL (surface to ~1700m) might have different source
regions than the SAL (1700m–2500m) in Barbados and
thus represent trajectories from very different areas. To
investigate this possibility, the air mass extending from the
surface to the top of the SAL that flows across the Atlantic
was examined with NCEP reanalysis data. The reanalysis
wind fields consistently show easterly flow at the surface,
900 hPa, 800 hPa, and 700 hPa, over the Atlantic, from
Africa to Barbados (not shown here). This deep easterly flow
is also consistent with the wind directions in the SAL shown
in Figure 6c. Thus, the difference between two groups of
soundings in the moist profile below SAL is not likely
explained by differential advection. Further, the relative
simplicity of the flow (deep easterly flow below 700 hPa)
may help explain why the long-term trajectories with a
500m ending point in Barbados (Figure 3) show good
agreement with the observed advection of the dust mass
across the Atlantic.
[24] Further, the possible changes in the local flow
patterns over the period of this study, which may not be
reflected by the large-scale NCEP reanalysis data described
above, are examined using synoptic weather maps (not shown)
and soundings obtained from the Barbados airport (Figure 7).
A low with trailing cold front located SE of Cape Cod on 1
April 2010 moves south rapidly. By 12 UTC 2 April, the
low is located near 32N, 60W, and the associated front is
oriented roughly E–W across the northern Caribbean at
~17–18N. As this front approaches the Caribbean, the
low- to mid-level flow across the study region begins
shifting from easterly to southwesterly. The time-height
winds during this period from the Barbados soundings
show this evolution (Figure 7). The time-height cross
section of wind speed during the period of BACEX
(19 March–11 April) is shown in Figure 7a, while the wind
direction from 30 March to 4 April is shown in Figure 7b.
The easterlies dominate throughout the atmosphere (up to
6 km) prior to 12 UTC 1 April. A layer of light (<5ms–1)
and variable winds (S, SW, and NW) are found between
3 and 4 km on 1 April. On 2 April, the layer of southwest-
erly winds broadens and is observed right above SAL, but
easterlies still persist in the low levels (surface to about
3 km; NE below SAL, SE within the SAL), which includes
SAL over the Barbados. On 3 April, southwesterly flow
descends from the top of the SAL to about 1500m,
indicating that the local flows have been changed after the
dust event was studied. Analysis of dust and smoke from
the NRL NAAPS model (http://www.nrlmry.navy.mil/
aerosol_web/index_frame.html) for this period shows
increasing concentrations of surface smoke with origins
from South America. Nevertheless, Barbados is under the
influence of easterlies from the surface to the top of the
SAL. Therefore, we conclude that the SAL observed at
Barbados during 1–2 April is not affected by smoke
originating from South America, but it has been impacted
by a single air mass (e.g., dust) with origins from Africa.
However, there is a possibility that some smoke may have
been present above the SAL on 2 April, but not within it.
3.2. Flight Paths
[25] On each of the two days studied, Twin Otter flights
were made about 50–100 km upwind of Ragged Point and
































































Figure 7. Time-height cross section of (a) wind speed (ms–1) and (b) wind direction (degree) obtained
from Barbados rawinsondes at 12 UTC (Figure 7a) during BACEX period (19 March–11 April 2010)
and (Figure 7b) from 30 March to 4 April 2010 for period indicated by vertical dashed lines in Figure 7a.
The approximate heights (bottom and top) of SAL, observed over Barbados (shown as arrows in Figure 6),
are denoted as dashed lines in Figure 7b. Contours of wind speed of 5m s–1 and 10m s–1 (black-dotted)
and wind directions of 90 (easterly, black), 180 (southerly, red), and 270 (westerly, black) are overlaid
in Figures 7a and 7b, respectively.
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included several constant-level legs (about 50 km in length)
flown at heights from near the surface to about 3 km that were
tied together by soundings made typically at the beginning and
at the end of a sequence of level legs (Figures 8b and 8d). On 1
April 2010, no clouds were observed during the 3 h flight. The
aircraft made seven level runs (Figures 8a and 8b), starting
from the top of the SAL (labeled as leg 1 in Figure 8b) to
~30m above the surface (leg 7) during a ~2h period. The first
sounding (labeled as up1 and shown in blue dashed lines in
Figure 8) and level runs (leg 2 to leg 7) were made in the same
upstream area from Ragged Point (Figure 8a). The second
sounding (up2) was made slightly north (~2 km) of the first
sounding. On 2 April 2010, two layers of heavy dust (with
very heavy cirrus overcast advected from South America)
were observed. There were very occasional cumulus clouds,
generally in tiny patches and almost all very optically thin.
Flight paths and time series of the altitudes flown on the day
are shown in Figures 8c and 8d. The aircraft made seven level
flights (called level runs, such as leg 1, leg 2, etc) on 1 April,
but flight legs between 16:30 and 17:00 UTC (legs 5–7 during
16.5–17.0 h in Figure 8d) were made on the NE edge of the
study area (see legs 5–7 in Figure 8c). However, the difference
(~2 km and ~6km to the north of the other level flights in
Figures 8a and 8c, respectively) is negligible given a wind
speed of 2–8m s–1 (not shown here), with an advection
distance of 8–30 kmh–1.
3.3. Thermodynamic and Aerosol Profiles
[26] Atmospheric thermodynamic (potential temperature
and mixing ratio) profiles and aerosol concentrations from
PCASP are shown in Figure 9 for the soundings obtained
on the two flights. Observations from the level legs and the
descents between these legs are also shown.
[27] The vertical profiles of potential temperature, water
vapor mixing ratio, and aerosol concentrations obtained
from PCASP (hereafter, simply PCASP) in Figure 9 indicate
three layers with distinct aerosol and thermodynamic charac-
teristics. The definition and illustration of the layers, used in
this study, are based on the first sounding (up1) from 1 April
shown in Figure 9a. A layer above the trade wind boundary
layer (at about 1900m to 2700m) has well-mixed potential
temperature, mixing ratio, and aerosol concentrations in
the vertical and will be referred to as the Saharan Air
Layer (SAL). A layer extending from the surface to about
500–600m is well mixed and capped by a stable layer where
mixing ratio decreases with height. This inversion (a narrow
layer sits slightly above 500 m, referred to as the transition
layer) is sufficiently strong to inhibit moist convection
during most of the two flights (the strength of the transition
layer is about 20K km–1 on 1 April and 7K km–1 on 2 April).
However, for the traditional trade wind boundary layer [e.g.,
Albrecht et al., 1979], a layer extending from the surface to
about 500–600m would be the subcloud layer (SCL). The
third layer extending between the SAL and SCL will be re-
ferred to as the intermediate layer (IL) and displays the
greatest temporal and spatial thermodynamic and aerosol var-
iability. In terms of the classic trade wind boundary layer
structure [e.g., Augstein et al., 1974; Albrecht et al., 1979],
this IL would be called the cloud layer and is capped by the
trade inversion. The variability in the thermodynamics and
aerosol structure is illustrated by the difference between the
first and second soundings. The second sounding was made
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Figure 8. (a and c) Flight paths and (b and d) time series of flight altitudes on (Figures 8a and 8b) 1 April
and (Figures 8c and 8d) 2 April 2010. Numerical numbers and colors are assigned to the individual level
runs accordingly. Dashed lines in Figures 8a and 8c represent the first (up1) and second (up2) ascent
soundings. Solid lines indicate data from level runs (leg 1 through leg 7). Legs 1, 3, 5, and 7 are denoted
as bold lines in Figures 8a and 8c. The starting point of each leg is denoted as cross symbol in Figures 8a
and 8c. The Barbados Ragged Point surface site is located at 13.2N, 59.5W.
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SAL on both soundings on 2 April (above 2300–2400m in
Figure 9e) and in the second sounding on 1 April (above
2600m in Figure 9b); but the first sounding on 1 April did
not extend high enough to sample this layer.
[28] In Figures 9a–9c, the base of the SAL is about 200m
lower in the second soundings, and the largest aerosol varia-
tions occur in the IL. In addition, the second sounding on 1
April shows an intermediate layer (IL) that is warmer, drier,
and dustier (this assumes that the aerosol in the intermediate
layer are dust) than that observed on the first sounding.
[29] Although about 2 h of flight time separate the
two soundings made on 2 April, the atmospheric thermo-
dynamics and aerosols observed in the SAL and the
subcloud layer show little change. However, alternating cool
and warm (moist and dry) layers are observed throughout
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Figure 9. Profiles of (left) potential temperature θ, (middle) water vapor mixing ratio r, and (right)
PCASP aerosol concentrations from aircraft during ascents. Data (10Hz) from each level run are denoted
by black bold colors and numbered accordingly. Thin black dots represent data obtained during descents
between two consecutive legs. For 1 April 2010 (upper panel): leg 1, top of the haze layer; leg 2, middle of
Saharan Air Layer (SAL); leg 3–leg 5, intermediate layer (IL); legs 6–7, subcloud layer (SCL). For 2 April
2010 (lower panel): leg 1, middle of Saharan Air Layer (SAL); legs 2–4, intermediate layer (IL); legs 5–7,
subcloud layer (SCL). The layers of Saharan Air, intermediate, and subcloud are labeled in Figure 9a on
the first sounding from 1 April to illustrate the layers.
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layers are observed between 600m and 1000m, which were
sampled on leg 3 and leg 4, and between 1450m and
1700m, which is close to the base of the SAL. Relatively
lower concentrations of aerosols are observed in these cool
and moist layers. These layers are most likely associated
with modification by episodic shallow cumulus convection
(through detrainment) sometime in the history of the air
mass as it advected across the Atlantic. The intermittent na-
ture of these convective events may explain the variability
observed in the intermediate layer (IL) compared with that in
the Saharan Air Layer (SAL) and in the subcloud layer
(SCL). The horizontal variability within the IL, is also illus-
trated by the large variations found on the level legs (e.g., legs
3–5 for 1 April and legs 2–4 for 2 April) flown in this layer.
The temperature and moisture in the SAL show little variabil-
ity between soundings and little variability along the level legs
flown in this layer.
[30] On 2 April (Figure 9e), a relatively dry layer is ob-
served during leg 1 (shown as horizontal black dots; mixing
ratio of ~4 g kg–1) and during the descent between leg 1 and
leg 2 (mixing ratio of ~6 g kg–1 from soundings). The mixing
ratio of ~4 g kg–1 is consistent with that found in the SAL from
the African soundings (GOTT and GOYY) in Figure 6. This
feature [mixing ratios of ~6 g kg–1 and ~4g kg–1 for the SAL,
from soundings and level flights (e.g., leg 1) in Figure 9e]
suggests that there is uncertainty in an air mass sampled at
Barbados and that sampled from a fixed site in Africa as
discussed earlier in section 3.1. The SALmay have a slight mois-
ture variability in the horizontal (for example, ~1–2gkg–1),
depending on the relative location from the center of the
SAL. Air masses sampled between leg 1 and leg 2 show two
distinctive thermodynamic characteristics (temperature and
moisture), similar to that of either SAL or IL (not shown here).
3.4. Vertical Profiles of VariousAerosol Characterizations
[31] The vertical structure of the aerosols observed on the
two flights show some complicated structures (Figure 9) but
general features that are common to both days. To examine
these structures in more detail, profiles of CN, CCNs, and
PCASP were examined for the soundings made on 1–2 April
2010 (Figure 10).
[32] The layered structures are evident in the soundings
made on both days (Note: aircraft soundings represent
both vertical structure and horizontal variability). In the
SAL, the concentrations of aerosols are greater than those
of any of the other layers (Figures 10a–10d), and very
low aerosol concentrations are found above the SAL
(Figures 10b–10d). The SAL in the second sounding on 2
April (Figure 10d) is thinner with its top at about 2300m,
and its base is about 200m higher (or slopes toward the
south) than that in the first sounding in Figure 10c.
[33] Aerosol concentrations in the intermediate layer (IL)
show the largest variability; for the first sounding on 1 April
(Figure 10a), aerosol concentrations in the IL are slightly
lower than those in the subcloud layer. However, the con-
centrations increased during the 2 h separation in the sound-
ings and show aerosol concentrations that range between
those of the SCL and those of the SAL in Figure 10b. For
the first sounding on 2 April (Figure 10c), two layers with
heavy aerosol are observed near leg 1 (middle of the SAL)
and near the bottom of the IL. However, the layer of higher
aerosol concentrations at the bottom of the IL is not present
in the second sounding (Figure 10d); throughout the layer
below leg 2 (surface to ~1250m), aerosol concentrations
show relatively well-mixed features but with a slight in-
crease with height. In some parts of the intermediate layer
(IL), the aerosol concentrations are lower than those in the
subcloud layer (SCL), providing further evidence for possi-
ble cloud processing of the aerosols in the intermediate
layer. Aerosol concentrations in the subcloud layer remain
relatively constant (~200–400 cm–3) during the course of
the flights.
[34] The CCN (0.6%) and PCASP profiles are in good
agreement throughout all the layers, but there are large
differences between CCNs (at 0.3% and 0.6%; blue and
red lines) as well as between CCN (0.3%) and PCASP
(blue and black lines) below the heights of ~2400m on both
days. The largest differences are found near the center of the
SAL, and the difference decreases closer to the surface. At
the lower supersaturation (CCN 0.3% compared with CCN
0.6%), large particles are activated first. At the higher super-
saturation (CCN 0.6% compared with CCN 0.3%), smaller
particles can be activated too. Thus, the large difference
between the two CCN profiles indicates the presence of
small particles at those levels and/or that those particles are
more hydrophobic.
[35] Although the potential temperature and mixing ratio
are well mixed within the SAL (Figure 9), CCN (0.3%) con-
centrations increase rapidly with height above about 2400m
on both soundings on 1 April (Figures 10a and 10b) and
approach the CCN (0.6%) and PCASP values near 2500m.
The collapses of the two CCN profiles and the PCASP
profiles indicate that all the particles (small + big) at this
level are activated even at the lower supersaturation
measured, likely because particles at this level are more
hydrophilic than in other levels. In addition, in the layer
above the SAL on 2 April, the profiles have CCN concentra-
tions that exceed those from PCASP, indicating the possible
presence of small (less than 0.1 mm, the lowest resolvable
size from the PCASP) CCN-active particles in this layer.
These points will be further discussed in section 4.2.
3.5. MPL Aerosol Returns
[36] A further indication of the time (and implied spatial)
evolution of the vertical structure of aerosols at the Ragged
Point surface site, just downstream from the aircraft observa-
tions, is given by the lidar backscatter profiles. The normal-
ized relative backscatters (so-called NRB signals, level 1
data), obtained from MPLNET on 1–2 April 2010, are
shown in Figure 11. The MPL backscatter profiles for the
2 days include observations made during the aircraft flights,
although the MPL is sheltered from the sun for a 1.5 h period
around solar local noon (17 UTC).
[37] The backscatters from the subcloud layer (SCL),
intermediate layer (IL), and Saharan Air Layer (SAL) show
some of the same features shown by the vertical profiles
from the aircraft observations. On 1 April, the top of the
SAL increases from ~2 km to ~2.7 km from 00 to 14 UTC.
The values of 0.33 (blue shading) and 0.67 (green shading)
of normalized relative backscatters (NRB) are selected to
define the top and bottom of the SAL, respectively. These
threshold levels were subjectively selected after examining
the height where there was a sudden decrease of aerosol
extinction that occurred in the vertical profiles of aerosol
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extinction. Some selected extinction profiles on 1 and 2
April 2010 are shown in Figure 11 as an example to show
the heights of SAL top. From 18 UTC to about 12 UTC
on 2 April, the top of the SAL fluctuates between 2.5 and
2.8 km (depicted as bluish colors). The top of the layer
descends slowly after 12 UTC on 2 April, and a two-layered
structure appears after 18 UTC. The separation of this upper
layer is at a height of about 2.4 km. The descending features
(of the top of the SAL and a layer above the SAL) are
consistent with the temporal, and thus spatial, variability in
the SAL shown by the soundings in Figure 9f.
[38] The lidar signal is attenuated backscattering. As a
result, the signals decrease in strength with height even if
the actual aerosol concentrations are higher aloft. Neverthe-
less, the NRB is useful to infer the interrelationship between
clouds and aerosols by showing signals from both aerosols
and clouds. In Figure 11, a multilayer structure is noticeable
from 12 UTC on 1 April to the end of 2 April, especially













































































Figure 10. Profiles of various aerosols from various probes for (a, c) first (up1) and (b, d) second (up2)
ascent soundings on (Figures 10a and 10b) 1 April and (Figures 10c and 10d) 2 April 2010. CN (green),
PCASP (black), CCN (0.3%; blue), and CCN (0.6%; red) are shown. Average heights of individual level
(~10min) runs are denoted as thick gray horizontal lines (top down: leg 1 to leg 7). SAL and SCL are
denoted. The layers between SAL and SCL indicate IL (intermediate layer). CCN (0.3%) indicates cloud
condensation nuclei (CCN) activated at supersaturation of 0.3%. The same notation goes for CCN (0.6%).
Information of data acquisition time and location is shown in Figure 8.
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during the period of Twin Otter flights (15–18 UTC). The
elevated high backscatter at ~500–1000m (shown as white
color) indicates clouds with bases near the bottom of the
intermediate layer. These cloud returns are quite numerous
prior to the flight on 1 April, but no clouds were observed
during the flight. On 2 April, one strip of strong backscatter,
an indicative of cloud, is seen near 1800 UTC. The lidar
backscatter returns also show variability on scales that are
consistent with the variability observed in the intermediate
layer during the two flights.
4. Discussion of Transports and Processes
4.1. Mixing Diagram
[39] The possible processes affecting the nature of the
observed aerosol layers are examined with mixing diagrams
using conservative variables. A mixing diagram was origi-
nally used by Paluch [1979] to identify the source level of
air entrained into the cloud using two conserved parameters
that mix almost linearly. The source level of the entrained air
into the cloud is defined as the height where the best-fit line
through the in-cloud air property intersects the environmen-
tal curve. We adopted the concept of mixing diagram here.
In this case, the water vapor mixing ratio and number
concentration of aerosol per mass are assumed to be the
conserved parameters and will mix almost linearly under
dry condition. Mixing diagrams, formulated using mixing
ratio and CCN (0.6%) per mass (Figure 12), are used to
investigate the role of mixing processes on the aerosol distri-
butions observed on 1–2 April 2010. The water vapor
mixing ratio is plotted with decreasing values on the y axis,
thus giving a rough sense of height.
[40] The mixing diagrams for both days show distinct
clusters that are indicated by both level leg measurements
and those from the profiles. For 1 April, the most significant
variations in both moisture (mixing ratio) and aerosol con-
centration are observed in the upper and middle part of the
intermediate layer. For example, leg 3 in Figure 12a shows
two distinct populations of aerosol and moisture, suggesting
strong horizontal variations at that level with two distinctive
air masses—clusters of air masses with mixing ratios either
higher or lower than 10 g kg–1. Aerosols obtained at this
level (leg 3) lie on a mixing line extending from the leg 1
(top of the SAL) and leg 2 (SAL) points (the best-fit line
through the aerosol property at leg 3 intersects the environ-
mental curve near leg 1 and leg 2 as well as aerosols at leg
1 and leg 2; the best-fit is not shown here). This mixing line
is interpreted as aerosols observed on leg 3 sharing proper-
ties with aerosols observed on legs 1 and 2. Aerosols in
leg 5 (lower IL), shown by magenta dots, connect to aerosols
in leg 3 as well as those in leg 1 and leg 2, suggesting that
aerosols in leg 5 were mixed with aerosols at those levels.
[41] The sounding shown in Figure 12 extends to the air at
the top of the SAL and identifies a layer with dry air and low
aerosol number concentrations (e.g., clusters with mixing
ratio of ~4 g kg–1 and aerosol concentration of ~300mg–1).
This air mass connects to mixing lines extending to the
SAL (clusters with mixing ratios of about 6 g kg–1 and aero-
sol concentrations of 500mg–1, shown as blue dots), and the
SAL air connects to the air mass in the intermediate layer as
observed on leg 3 and leg 5.
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Figure 11. (Top; a and b) Time-height cross section of NRB (normalized relative backscatter) obtained
from micropulse lidar (MPL) at Ragged Point in Barbados during 1–2 April 2010. The lidar is blocked
from the sun for a 1.5 h period centered at around local noon and indicated by the dark areas in this figure.
(Bottom; c–f) Some selected extinction profiles, denoted as upward pointing arrows in Figures 11a and
11b, on 1 and 2 April 2010 are shown to serve as a reference height for the SAL top. Horizontal lines
denote the heights of 2.5 km and 3 km, respectively. Figures were obtained from MPLNET (http://mplnet.
gsfc.nasa.gov/). Local time=UTC-5.
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[42] The SAL shows homogenous thermodynamic condi-
tions, but varying CCN. For example, observations at leg 1
(top of the SAL) and leg 2 (SAL) on 1 April (Figure 12a)
have similar moisture characteristics (mixing ratio of
~5–6 g kg–1), while they show large variations in aerosol
concentrations (400–600mg–1 for CCN 0.6%). In con-
trast, the observations in the subcloud layer (for example,
leg 7) have similar water vapor mixing ratios (~17 g kg–1)
and aerosol concentrations (~250mg–1) with a clustered
distribution, rather than horizontally elongated pattern,
as seen on legs 1 and 2. This pattern is more clearly seen
in the mixing diagrams shown in Figure 13, where the
variability within the various clusters is illustrated using
CCN and CN observations.
[43] The mixing diagram for 2 April is shown in Figure 12b.
The largest variability in the thermodynamic and aerosol
characteristics is found on leg 2 in a layer below the SAL,
which is similar to that on leg 3 of the 1 April case (Figure 12a).
Aerosols sampled on leg 1 (SAL, blue dots) are associated with
lower mixing ratios than those of the sounding sampled at the
same height (e.g., clusters with mixing ratio of ~6 g kg–1and
CCN of ~400–500mg–1), indicating significant horizontal
variations of aerosol at the same height and suggesting that
aerosols in this region (leg 1, SAL) are associated with a drier
air mass than that of the sounding shown in Figure 9e.
[44] Mixing diagrams for each level run for 1 and 2 April
2010 are shown in Figure 13. Aerosols in the SAL
(Figures 13a, 13b, and 13f) show homogenous (well-mixed)
thermodynamic conditions but varying CCN number con-
centrations, as indicated by the horizontally elongated pat-
tern, while aerosols in the SCL (Figures 13e and 13i) show
similar thermodynamics and aerosol characteristics, as indi-
cated by the clustered pattern. Transports of aerosols from
the SAL to the intermediate layer are seen in the upper to
middle part of the intermediate layer in Figure 13c; and
transports of aerosol within the intermediate layer, from
the upper to lower parts of the layer, are seen in Figure 13g.
Further, a connection between the aerosols in the lower part
of the intermediate layer to those in the subcloud layer is
seen in Figures 13d.
4.2. Size and Composition
[45] Aerosol particle size distributions (PSDs) from the
PCASP differ among the layers and provide some insight
into the processes operating on these various layers that
affect the concentrations. The PSDs, in terms of dN / d(logD)
and dV / d(logD), from the top of the SAL to the subcloud
layer on 1 and 2 April 2010 are shown in Figure 14.
[46] The PSDs at all levels have a maximum concentration
of particles in the range of D< 0.5 mm, with a maximum at
0.15 mm in the fine mode (Figures 14a and 14b), and show
a secondary maximum at 0.8 mm for D> 0.5 mm
representing the coarse mode. For 1 April, the largest popu-
lation of small particles (D < ~0.5 mm) is found near the top
of the SAL (leg 1), although the larger particles (D >
~0.5mm) in this layer have smaller concentrations than those
in the SAL and intermediate layers (legs 3–5 in Figure 14a).
Among the intermediate layer profiles (legs 3–5), the upper part
of the intermediate layer (leg 3) has more larger particles
(especially larger than 1 mm) compared with the PSD in leg
5, which is closer to the bottom of the intermediate layer, in-
dicating the presence of larger particles in the upper part
of the intermediate layer (Figure 14a). Here, the upper part of
the intermediate layer (leg 3) is drier than the lower part of
IL (leg 5).
[47] Aerosol concentrations in the subcloud layer (legs 6–7
in Figure 14a) show consistently the lowest values during
the flight, indicating that the main source of aerosols on this
day is aloft, and not from the surface. Since similar results
were found for the second case (2 April 2010), only a few
distinct features are discussed here. One difference between
the 1 April and 2 April cases is the presence of clouds on 2
April from samples taken near the bottom of the intermediate
layer (legs 3–4), although the clouds are small and few in num-
ber. Since the aerosol probes (e.g., PCASP and CPCs) are
known to have poor accuracy inside clouds, the aerosol data
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Figure 12. Mixing diagram of CCN (0.6%) per mass (mg–1) and mixing ratio (g kg–1) on (a) 1 April and
(b) 2 April 2010. Black squares are obtained from the ascent environmental soundings, and colored dots
are obtained from constant heights (level leg flight). (Figure 12a) Leg 1(top of the SAL; 2726m), leg 2
(SAL; 2406m), legs 3–5 (intermediate layer; 1281m, 795m, and 642m), and legs 6–7 (subcloud layer;
450m and 12m); (Figure 12b) leg 1 (SAL; 1930m), legs 2–4 (intermediate layer; 1289m, 829m, and
769m), and legs 5–7 (subcloud layer; 514m, 191m, and 18m).
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obtained in-cloud were excluded from the analysis. On leg 1,
in Figure 14b, the SAL has the most numerous particles over
all ranges of sizes. In contrast, the subcloud layer has the
lowest concentration of particles over all ranges, except at D
~0.2mm. The upper part of the IL (leg 2 in Figure 14b) has
the lowest concentrations of particles at D ~0.2mm, and the
second highest concentrations of large particles (especially
D> 0.5mm), suggesting the removal of fine particles and aug-
mentation of coarse particles at this level. The mass of the par-
ticles is closely related to the particles’ volume concentrations.
In Figures 14a and 14b, although particle number concentra-
tions are dominated by particles smaller than 0.5mm in diam-
eter, volume (mass) distributions are dominated by particles
larger than 0.5mm.
[48] To examine the effects of gravitational settling on
changing the PSD, fall speeds were calculated. Particles with
diameters of 0.15 mm and of 0.8 mm, which correspond to the
two main peaks in PSDs, have fall velocities of approxi-
mately 5.8 cm d–1and 1.6m d–1, respectively. Fall speeds of
particles in the diameter range measured by the PCASP
(0.1 mm–2.5 mm) lead to vertical displacements of 0.26m to
160m during 10 days of transport. Therefore, differential
gravitational settling cannot explain the observed large vari-
ability in size distributions as a function of height.
[49] Profiles of mean (and standard deviations) of CCN
(at 0.3% and 0.6%) number concentrations at each level
are shown in Figure 15. To examine the contribution of
small particles, the difference between CN and PCASP num-
ber concentrations, representing number concentrations for
particles with diameters between approximately 3 nm and
0.1 mm, is also presented in Figure 15 at each level. This
difference (CN –PCASP), shown as a black solid line,
decreases from the SAL to the upper IL, increases slightly
toward the bottom of the IL, and then increases sharply near
the surface. The lowest number concentration of the small
particles (3 nm<D< 0.1 mm) is found in the intermediate
layer [upper IL (~1250m) on 1 April and the cloud layers
(~800m) on 2 April] and indicates some processing in
this layer that removes the smaller particles, or lack of












































































Figure 13. Mixing diagram of aerosol concentrations (mg–1) for CCNs and CN versus mixing ratio (g kg–1)
for each level run for (a–e) 1 April and for (f–i) 2 April 2010.




























(a) 1 APRIL 2010
leg1 : 2609m (Top of SAL)
leg2 : 2306m (SAL)
leg3 : 1239m (IL)
leg4 : 778m (IL)
leg5 : 633m (IL)
leg6 : 459m (SCL)
leg7 : 45m (SCL)
(b) 2 APRIL 2010
leg1 : 1930 m (SAL)
leg2 : 1289 m (IL)
leg3 : 828 m (IL)
leg4 : 769 m (IL)
leg5 : 514 m (SCL)
leg6 : 191 m (SCL)
leg7 : 18 m (SCL)
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(c) 1 APRIL 2010 (d) 2 APRIL 2010
Figure 14. Aerosol particle size distributions for (a and c) 1 April 2010 from top of the SAL to subcloud
layer and for (b and d) 2 April 2010 from SAL to subcloud layer. (Figures 14a and 14b) dN / d(logD);
(Figures 14c and 14d) dV / d(logD).











































Figure 15. Mean profiles of CCNs (blue, CCN 0.3%; red, CCN 0.6%) at each level leg for (a) 1 April
and (b) 2 April 2010. The difference of number concentrations between CN and PCASP at each level is
also shown (black squares). Horizontal bar indicates 1s from the mean value at each leg.
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concentrations in the subcloud layers indicate a possible
source there, potentially due to the particles formed at the
sea surface by bursting bubbles and consisting mostly of or-
ganic material [de Leeuw et al., 2011]. As seen in Figure 10,
differences between the CCN (0.3%) and CCN (0.6%)
decrease closer to the surface, indicating a shift in the size
distribution toward larger particles and/or the presence of
more hydrophilic particles near the surface.
[50] Profiles of potential temperature and ultrafine aerosol

































































Figure 16. Profiles of (a and c) potential temperature (black solid line), CCNs (0.3%, blue; 0.6%, red),
and (b and d) ultrafine aerosol concentrations (red, 3<D< 15 nm; blue, 3<D< 10 nm; green solid lines,
10<D< 15 nm) for the second soundings on (Figure 16a) 1 April 2010 and (Figure 16b) 2 April 2010.
Average heights of individual level runs are denoted as thick gray horizontal lines (top down: leg 1 to
leg 7) in Figures 16a and 16c.

























(a) 1 APRIL  2010
B : 2450−2550m
C : 2000−2200m
Figure 17. Aerosol particle size distributions calculated from the layers of A, B, and C in Figure 16,
from the second soundings of (a) 1 April 2010 and (b) 2 April 2010. The layer A represents a layer above
SAL, layer B indicates the very top of the SAL (Figure 17a) and a transit layer from the very top of the
SAL to a layer above the SAL (Figure 17b), and layer C indicates the middle of the SAL. The locations
of three layers are shown in Figure 16.
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shown in Figure 16. Ultrafine aerosol concentrations in three
size ranges are obtained from the difference between
lower detection limits of the CPCs: 3 nm<D< 10 nm, 3 nm
D< 15 nm, and 10<D< 15 nm. These differences were
averaged five times over 12 s intervals to smooth out
small-scale variability. Horizontal variations in the ultrafine
number concentrations were observed on the level legs in
the SAL (not shown) and may explain the variability
observed in the profiles. Concentrations of aerosol particles
with diameters between 3–10 nm and 3–15 nm are signifi-
cantly higher in the SAL (~50 cm–3) than in the other layers
(e.g., less than 20 cm–3). However, aerosol concentrations
for particles with diameters between 10–15 nm are close to
zero, indicating that the ultrafine particles are confined to
the 3–10 nm size range. In contrast, the separations between
the CPCs are evident in the clean layer above the SAL (e.g.,
Figure 16d), with 20 cm–3of aerosol concentrations in the
range 10 nm<D< 15 nm and 30 cm–3 in the range
3 nm<D< 10 nm.
[51] In the SAL, newly formed extremely fine particles
(3 nm<D< 10 nm) may promptly coagulate with larger-
sized particles, without creating particles in the 10–15 nm
diameter range. However, in the layer above the SAL, where
CCN and PCASP concentrations are very low, the rate of
accumulation of the newly formed ultrafine particles onto
larger particles will be inhibited. As a result, the small parti-
cles self-coagulate, and the resulting particles are observed
in the 10–15 nm size range. The existence of extremely fine
particles (3 nm<D< 10 nm) in the SAL implies a source of
aerosol in this layer.
[52] The number concentrations of CCN (0.3%) increase
rapidly near the top of the SAL (a layer shown as B in
Figure 16a) and lie on top of CCN (0.6%) as seen in
Figure 10, thus indicating the presence of hygroscopic parti-
cles in the accumulation mode. In layer C (middle of the
SAL), significant differences between CCN (0.3%) and
CCN (0.6%) are found and imply one of two possibilities:
first, if the composition is similar to that in the other layers,
then a shift toward smaller particle sizes is anticipated;
second, if particle size distributions are similar, then a shift
toward less-hygroscopic particles relative to those in layers
A and B is expected.
[53] To examine the differences in size distributions
between layers, particle size distributions obtained from above
the SAL (A—clean environment), at the very top of the SAL
(B—a layer with similar CCNs), and in the middle of the
SAL (C—a layer with large difference between CCNs) are
shown in Figure 17. In Figure 17a, PSDs obtained from the
top of the SAL (B) and those obtained from the middle of
the SAL (C) on 1 April are almost identical in shape and
concentration, indicating that the entire SAL is well mixed
and thus has similar size distributions throughout, although
layers B and C have substantially different CCN characteris-
tics. Similarly, PSDs obtained from layers B and C on April
2 (Figure 17b) also show similar shapes in PSDs (bimodal
shape with peaks at ~0.15mm and ~0.8mm), although layer
B has lower aerosol concentrations in all size ranges. Consid-
ering both the particle size distributions and the CCN charac-
teristics, more-hygroscopic particles are speculated to exist at
the very top of the SAL (layer B). The PSD obtained from
above the SAL (A, in Figure 17b) shows a distribution shape
that is clearly different from that in the other layers. Overall,
concentrations decrease with size and show no considerable
peak either at ~0.15 mm or at ~0.8 mm, as shown from the
other dust layers (e.g., layers B and C). Though, a slight peak
at ~0.8 mm is shown from PSD obtained from above the
SAL. The distribution indicates that particles sampled from
above the SAL (layer A) have substantially different charac-
teristics from those of the layers below (e.g., particles in the
SAL, IL and, SCL).
[54] To infer the composition of aerosols at each level,
first, critical dry diameters (Dd) for the CCN (0.3%) mea-
surements were obtained by counting the particle numbers
from the largest size, until the accumulated number equaled
the number of CCN observed at that level (e.g., Figure 15).
Then, for each level, the hygroscopicity parameter kappa
(k) was obtained by iteratively solving equation (6) in
Petters and Kreidenweis [2007] for the k that reproduces
the setpoint supersaturation sc of 0.3% for these critical di-
ameters. The analytical approximation to this procedure that
Table 1. The Critical Diameters (Dd) and Kappa (k) at Each Level for 1–2 April 2010, With Values of k From Twomey [1959] and Num-
ber Concentration of CN – PCASP
1 April 2010
Leg Height Dd (mm) Kappa (k) CN – PCASP (# cm
–3) K from Nc=Cs
k
Leg 1 2726m Above SAL 0.18 0.025 155 0.78
Leg 2 2406m SAL 0.175 0.027 126 0.64
Leg 3 1281m IL 0.187 0.022 63 0.58
Leg 4 795m IL 0.185 0.023 67 0.57
Leg 5 642m IL 0.176 0.026 69 0.51
Leg 6 450m SCL 0.172 0.028 79 0.50
Leg 7 12m SCL 0.168 0.030 97 0.52
2 April 2010
Leg Height Dd (mm) Kappa (k) CN – PCASP K from Nc=Cs
k
Leg 1 1930m SAL N/A N/A 121 0.58
Leg 2 1289m IL 0.182 0.024 79 0.66
Leg 3 829m IL 0.164 0.033 69 0.53
Leg 4 769m IL 0.165 0.032 67 0.52
Leg 5 514m SCL 0.167 0.031 68 0.46
Leg 6 191m SCL 0.172 0.028 77 0.50
Leg 7 18m SCL 0.164 0.033 104 0.50
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demonstrates the relationship between sc, Dd, and k more










where rw is the density of water, Mw is the molecular weight
of water, ss/a is the surface tension of the solution/air sur-
face, R is the universal gas constant, and T is temperature.
As discussed by Petters and Kreidenweis [2007], the param-
eter k can be considered as a proxy for the aerosol chemical
composition, with aerosols that are dominated by hygro-
scopic inorganic species having a k of 0.5–1 and k= 0
representing a nonhygroscopic but wettable aerosol. The
procedure described above to obtain critical diameters and
best-fit k assumes that the entire aerosol size distribution,
or at least that portion larger than the critical dry diameter,
is internally mixed in composition and can be described by
a single average k. Critical dry diameters (Dd) and kappa
(k) for 1–2 April are summarized in Table 1 for the CCN
(0.3%) measurements at each level. Number concentration
differences between CN and PCASP (CN –PCASP),
representing the number concentrations of ultrafine particles,
are also shown in Table 1.
[55] For 1 April, the kappa values derived from the CCN
(0.3%) measurement are fairly consistent throughout all the
layers: a value of 0.026 on average (within a 10% standard de-
viation) and indicating the same species of aerosols (in this
case, dust; kappa for pure dust = 0.01; Petters and Kreidenweis
[2007]) at all levels. Note that hygroscopic particles at layer B
in Figure 16 are not included in the level flight legs. The kappa
values decrease slightly from the SAL to the upper/middle part
of the IL and then increase closer to the surface, indicating that
the particles are becoming more hydrophilic.
[56] For the 2 April observations, in general, kappa values
have increased slightly compared with the previous day,
possibly by aging or cloud processing (the addition of
hygroscopic species via aqueous-phase processing). Kappa
values are fairly consistent throughout all the layers, with a
value of 0.02–0.03. However, kappa for leg 2 (upper part
of the IL) has the smallest value, indicating that particles in
this layer are least hygroscopic (note that no estimate is
available for the SAL for the day). Further, kappa values
are higher in legs 3 and 4, where clouds formed, possibly
indicating cloud processing. The patterns of kappa are
consistent with those of CN –PCASP in Figure 15.
[57] The CCN count can be approximated as Nc=Cs
k
[Twomey, 1959], where s is the percent supersaturation,
and Nc and C correspond to CCN and CN in this study,
respectively. The k values are also shown in Table 1.
Overall, k values decrease closer to the surface and vary
from 0.78 at the top of the SAL to 0.52 near the surface,
indicating more continental aerosol characteristics in the air
mass aloft when compared with particles near the surface









































Figure 18. Time series of (a) aerosol number concentrations (CCN, 0.6% per mass) and (b) mixing ratio
sampled on leg 3 (intermediate layer, IL) on 1 April for dry (magenta), moist (cyan), and transition
(gray dots) ILs. A mixing diagram of aerosol concentrations (mg–1) versus mixing ratio (g kg–1) for these
three air masses is shown in Figure 18c.










































Figure 19. Aerosol particle size distributions (a) dN /d(logD)
and (b) dV / d(logD) on 1 April 2010 obtained from the Saha-
ran Air Layer (SAL), three intermediate layers (moist IL, dry
IL, and transition IL), and the subcloud layer (SCL).
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ment, and k ~2/3 is typical for continental air mass). In short,
kappa and k indicate continental-type air masses in the SAL
and maritime air masses from the surface to the lower IL, but
with hygroscopicity associated with dust (kappa close to
0.01) throughout the BL.
4.3. Changes in Particle Size Distribution
[58] Two well-defined air mass populations are found in
the intermediate layer (IL) on 1 April (e.g., Figures 12a
and 18): a dry air mass with a water vapor mixing ratio
of 9 g kg–1 and aerosol concentrations of 300mg–1 (hereafter
dry IL), and a moist air mass with a mixing ratio of 12 g kg–1
and aerosol concentrations of 200mg–1 (hereafter moist IL).
Air masses found between the moist and dry ILs will be
referred to as the transition IL. To investigate the possibility
of cloud processing on the changes in PSDs, aerosol distribu-
tions made on leg 3, associated with these three populations,
are compared. The PCASP particle size distributions, in terms
of dN / d(logD) and dV/d(logD), obtained from three interme-
diate layers (dry IL, moist IL, and transition IL), the Saharan
Air Layer (SAL), and the subcloud layer (SCL) on 1 April,
are shown in Figure 19.
[59] PSDs in the moist IL regime are similar to those in the
subcloud layer over all ranges. PSDs in the transition IL
regime look like a mixture of the SAL and the moist IL
air masses; PSDs are close to those in the SAL in the range
of D> 0.5mm, and PSDs are close to those in the SCL for
D < 0.5mm. Particle size distributions obtained in the dry IL
show similar characteristics to those in the SAL for the smaller
particles (D< 0.5mm) but have the highest concentrations of
larger particles (D> 0.5mm). The higher aerosol concentra-
tions in the dry IL forD> 0.5mmmay indicate horizontal var-
iations in the SAL; i.e., the drier, dustier parts of the SAL air
masses are not sampled in the SAL leg (i.e., leg 2) but are sam-
pled in the IL leg (leg 3-2 in Figure 19). Overall, the PSDs are
shifted to lower concentrations in moister and cooler air
masses. A comparison of PSDs from the moist IL with the
PSDs from the dry IL suggests the removal of aerosol particles
over all ranges by cloud processes, although precipitation pro-
cesses occurring earlier in the history of the air mass may be
involved too. As a layer is moistened (by comparing PSD
changes from SAL to transition IL), number concentrations
of smaller particles (D< 0.5mm) decrease significantly, but
larger particle concentrations (D> 0.5mm) increase slightly
(or change very little), suggesting coagulation processes
occurring by the moistening process.
5. Summary and Conclusions
[60] Throughout the year, large amounts of dust from
Africa are transported over the Atlantic to the Caribbean
and westward with important implications for climate in
these regions. The island of Barbados, located on the eastern
edge of the Caribbean Sea, typically experiences northeast
trade winds and periodic African dust outbreaks. In this
study, an intense African dust event observed upstream
(east) of Barbados on two days is studied using measure-
ments from the CIRPAS Twin Otter research aircraft to char-
acterize particle size distributions, condensation nuclei
(CN), and cloud condensation nuclei (CCN). The vertical
distributions of aerosols, temperature, and moisture are
examined, and the processes leading to the observed stratifi-
cation are considered.
[61] During the dust event studied, the surface observations
from Ragged Point on Barbados indicate dust concentrations
of about 155.1mgm–3, the highest concentrations observed
for all of 2010, with an aerosol optical depth (at 550 nm) of
about 0.6. The Saharan Air Layer (SAL) sampled during the
flights was shown to have its origin over Africa 7–10 days
prior to the observations. It originally had a potential tempera-
ture θ of ~312K, a water vapor mixing ratio of ~4 g kg–1, and
a depth of ~3500m over Africa. The SAL subsided about
125md–1 and was observed to have a depth of ~800m at
Barbados and a potential temperature θ of ~307K, which is
equivalent to a cooling rate of about 0.5Cd–1.
[62] The observed vertical profiles of CCN, accumulation
mode aerosol (PCASP), and CN concentrations indicate
three layers with distinct aerosol and thermodynamic charac-
teristics. These include the following: the SAL (Saharan
Air Layer), IL (intermediate layer), and SCL (subcloud layer).
The SAL and SCL are characterized as well-mixed layers,
while the greatest thermodynamic and aerosol variability are
observed in the IL. The highest aerosol concentrations were
observed in the SAL, with CN and CCN (s=0.3%) concen-
trations of about 700 cm–3 and 300 cm–3, respectively.
Unexplained ultrafine (3–10 nm) particle concentrations of
about 50 cm–3 were observed in the elevated SAL. The
subcloud layer had CN and CCN concentrations of 400 cm–3
and 200 cm–3. The intermediate layer had CN and CCN values
between those observed in the SAL and SCL, as a whole.
[63] A comparison of the thermodynamic structure
observed in the dust event over Africa with that at Barbados
indicates that layers below the SAL (from surface to 1700m)
were moistened by surface fluxes (latent heat flux estimated
to be about 60–80Wm–2) as the air massmoved across the At-
lantic over 7–10 days. The cool and moist layers in the IL
corresponded to the lower concentrations of aerosols. These
layers are most likely associated with modification by episodic
shallow cumulus convection sometime in the previous history
of the air mass as it advected across the Atlantic. The intermit-
tent nature of these convective events explains the variability
observed in the IL compared with that in the SAL and in the
SCL. Further, in some parts of the intermediate layer, the aero-
sol concentrations are lower than those in the subcloud layer,
providing further evidence for possible cloud processing of
the aerosols in the intermediate layer. Time-height observa-
tions from the micropulse lidar (MPL) located at Ragged Point
also indicate mesoscale variability in the IL aerosols.
[64] Mixing diagrams using aerosol concentrations and
mixing ratios as conserved thermodynamic parameters pro-
vide insight into the vertical transports and mixing processes
operating within the multilayered structure. Aerosols in the
intermediate layer share their thermodynamic and aerosol
characteristics with those in the SAL, suggesting that the
aerosols in the IL in this study are derived from those
in SAL. The estimated hygroscopicity parameter, kappa
(k, a proxy for chemical composition), ranged between
0.022 and 0.033. These low values, similar to those expected
for dust, confirmed that dust was present in all layers during
the event. Small hygroscopic particles that have the same
particle size distribution as those in the SAL were observed
at the very top of the SAL and were possibly dust coated
with hydrophilic material.
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[65] Changes in particle size distributions due to cloud
processing were examined in three distinctive air masses that
were sampled in intermediate layers: dry, moist, and transi-
tion ILs. This study showed that air masses in the moist IL
have been processed by convection and, thus, have charac-
teristics similar to those in the SCL, while the dry air masses
have characteristics similar to those in the SAL. The transi-
tion air masses have characteristics similar to those of both
the SAL and the SCL.
[66] This study has documented the vertical structure of
aerosols associated with intense dust events and helps put into
perspective the observations of dust concentrations and AOD,
observed from surface measurements and satellite measure-
ments from the top of the atmosphere. The SAL layer is often
referred to as an elevated layer. The aerosol characteristics in
the layers below SAL are similar to those in the SAL but with
aerosol concentrations somewhat reduced. However, the ther-
modynamic structure below the SAL is substantially modified
by dry and moist convective processes in the boundary layer.
Further, the presence of dust in and above the boundary layer
may impact the modification of the boundary layer by modu-
lating convective and radiative processes as the air flows
westward across the North Atlantic.
[67] The observations and analyses presented in this study
may have the potential for evaluating simulations from models
ranging from large-scale to cloud-resolving models. Several
aerosol, cloud, and boundary layer processes need to be repre-
sented or parameterized in these models to adequately simulate
the downstream evolution of the boundary layer structure.
These processes include aerosol processing and transports asso-
ciated with dry and moist convections, and direct and indirect
aerosol effects that involve both radiative and convective pro-
cesses. Adequate simulation of the boundary layer structure
may be particularly important in affecting the environment of
tropical cyclones, the evolution of tropical waves, and long-
term climate realizations for the Atlantic. Further study is
clearly needed to understand the evolution of the SAL as it is
advected across the Atlantic, such as processes that affect aero-
sol and thermodynamic properties of the layer, and the thermo-
dynamic and aerosol structure below the SAL.
Appendix A
Table A1. Table of Acronyms
Acronym Expression
AOD Aerosol optical depth
AERONET Aerosol robotic network
BACEX Barbados Aerosol Cloud Experiment
BL Boundary layer
CCN Cloud condensation nuclei
CIRPAS Center for Interdisciplinary Remotely Piloted Aircraft Studies
CN Condensation nuclei
CPC Condensation particle counter
DMT Droplet Measurement Technologies
HYSPLIT Hybrid Single Particle Lagrangian Integrated Trajectory
IL Intermediate layera
MPLNET Micro pulse lidar network
NRB Normalized relative backscatter
PCASP Passive cavity aerosol spectrometer probe (0.1–2.5 mm)
PSD Particle size distribution
SAL Saharan Air Layer
SCL Subcloud layerb
a
This layer is the same as a traditional convective boundary layer.
b
This layer extends from surface to ~500–600m.
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